Different waste treatment options for municipal solid waste have been studied in a systems analysis. Different combinations of incineration, materials recycling of separated plastic and cardboard containers, and biological treatment (anaerobic digestion and composting) of biodegradable waste, were studied and compared to landfilling. The evaluation covered use of energy resources, environmental impact and financial and environmental costs. In the study, a calculation model (Orware) based on methodology from life cycle assessment (LCA) was used. Case studies were performed in three Swedish municipalities: Uppsala, Stockholm, and Ä lvdalen.
Introduction
Due to political decisions, more actions are taken by society towards more sustainable waste management solutions. On the European level, directives on landfilling [1, 2] of waste are implemented. As some 15% of the total municipal waste flow then has to be redirected from landfilling to other treatments, these institutional changes will most probably lead to major changes in Swedish waste management.
In Sweden, producers' responsibility for packages and tires was introduced during the late 1990s [3] . A tax on all landfilled waste was imposed in January 2000. In 2002, a ban on landfilling of combustible waste was introduced, and three years later, 2005, organic waste will be included [4] . Today, the capacity to treat this waste does not exist in Sweden, but plans are made mainly for an extension of the incineration capacity. Today, 22 incinerators are in use in Sweden, and another 20 are being planned for [4] . In Sweden, the public opinion concerning incineration is relatively tolerant compared to other European countries. There is however a debate as to whether an increased incineration capacity was the aim of the imposed legislation and suggestions about an incineration tax has been raised [5] .
As energy is recovered from waste for use in district heating, the Swedish waste management is also affected by the energy system. The Swedish energy system is bound to gradually change as nuclear power reactors are decommissioned in line with a parliamentary decision. Instead renewable energy sources are being introduced on to the energy market, of which waste partly could be seen as one. This means that, besides the regulations in waste management enforcing energy recovery from waste, the need for fuels for generating heat and power will also influence the planning of future waste management.
However, it is not only by incineration that waste can be used for energy recovery. Recycling of nutrients and materials reduces the need for energy intensive extraction and production of these resources, and the biogas obtained from anaerobic digestion can be used as vehicle fuel.
Objective
The aim of the study was to identify the most energy efficient, most cost efficient and least polluting waste management option from a systems perspective.
Other system studies of waste management [6] [7] [8] [9] [10] [11] performed in Sweden and abroad have been reviewed. A conclusion from the review is that system studies of municipal solid waste are not as broad as our study and do not have the same kind of scenario construction as made here.
Method
The study was performed as case studies in three Swedish municipalities. A simulation model of the material and energy flows in waste management based on life cycle assessment (LCA) was used in the quantification of emissions, energy use and financial costs. The model Orware (organic waste research) is based on general figures, assumptions and equations and was therefore adapted to each one of the three municipalities. For more information on Orware, see for example [12] [13] [14] [15] .
Eight scenarios comprising different recycling options (Table 1) were set up for each municipality. In this paper, the results from the Stockholm study are presented and the other two case studies are only used for comparison.
Landfilling has often been pointed out as the least favourable treatment method. However, it has been included as a reference scenario in order to emphasize this. Together with incineration, it is the only treatment method that can handle mixed household waste. Apart from these two, recovery of materials (e.g. plastic, glass or metal) and recovery of nutrients (e.g. nitrogen and phosphorus) from organic waste are methods that can be combined with the former mentioned methods landfilling and incineration. For the recycling scenarios, incineration is considered as the only plausible treatment method for the unsorted waste. Therefore, the combined effects of materials recycling and landfilling of residual waste have not been studied.
The emissions from the system studied are classified and characterised using methodology from LCA [16, 17] into the following environmental impact categories:
. Global warming potential (GWP) . Acidification potential (AP) . Eutrophication potential (EP) . Formation of photochemical oxidants (excluding NO x ) . NO x -emissions . Heavy metals (input/output analysis).
In addition to the environmental impact categories above, the consumption of primary energy carriers, the net energy use, and the financial costs for the system are calculated.
The environmental results are also aggregated using monetary weightings for emissions. The monetary weightings are based on willingness-to-pay estimations from [18] , except for eutrophicating emission valuations, which are based on [19] . Evaluation of resource use has not been performed in this study.
The financial costs and the aggregated environmental costs are in turn aggregated into welfare economic costs. This aggregation is adjusted for environmental taxes on vehicle fuels (energy taxes on diesel (SEK 0.15/kWh) and petrol (0.37 /kWh) and carbon dioxide taxes on diesel (SEK 0.1523/kWh) and petrol (SEK 0.1408/kWh)) and landfill tax (SEK 250/ton waste) to avoid double counting.
Model
In the Orware model, the waste management system consists of treatments and transports, according to Fig. 1 . In all submodels, the annual turnover (use of) of materials, energy and financial resources in the processes are calculated. Materials turnover is characterised by (1) the supply of waste materials and process chemicals, (2) the output of products and by-products, and (3) emissions to air, water and crops. Energy turnover is the use of different energy carriers such as coal, oil, or biomass, and the recovery of heat, electricity, hydrogen, and biogas from waste. The financial turnover is defined as monetary costs for the processes included.
The materials flow cradle in the model is ''waste in bin'' from different sources, such as households and industries. Thus, the environmental and economic impact from the waste sources (comprising activities such as cleaning, sorting and transport to recycling station) is excluded from the system studied. The waste flows are then followed through the waste management system, calculating e.g. changes in composition and emissions depending on the fate of the waste stream. The solid line in Fig. 1 encloses the waste management core system, i.e. where the waste is treated. The dashed line also includes the waste management downstream system, i.e. the use of waste derived products like biogas and sludge as well as the waste sources which are necessary for input of waste to treat even if they are a zero-emission upstream system.
The main function of a waste management system is to treat a certain amount of waste from the system area in a proper way. Today, many waste management systems also provide other functions (benefits) in addition to treatment of the waste, such as recovery of energy and recycling of materials and nutrients. As different waste management systems (or different designs of a planned waste management system in a municipality) can produce different amounts of these functions (e.g. electricity, district heating, vehicle transport, materials and nutrients), comparisons are hard to make. In order to be able to compare, the conventional production (i.e. not derived from the waste management system) of these functions has been added. This makes it possible to level out the output of functions from the waste management system in each scenario, which will give a constant output of the functions for all scenarios. One can say that the conventional system compensates for the waste management system. The above mentioned functions are henceforth called functional units in conformity with the ISO standard, and the system for conventional production of the functional units is hereafter called the compensatory system (see Fig. 2 for an illustration).
The geographical level of application of the model depends on the purpose of the study, but generally it is applied on the municipal level, as that is the administrative basis for waste management in Sweden. The submodels are constructed using either generic data from literature or specific data from the waste management system studied, depending on the availability. As the submodels are modular, they may be combined into the waste management system of, in practice, any city or municipality.
System boundaries

Functional system boundary
The functional system boundary in the Orware model is treatment of the household-like waste generated within a municipality or a region annually. The system also includes emissions taking place in the extraction of raw materials and generation of energy needed for the waste management (upstream effects, Fig. 2 ) and the final disposal of the materials used within the system studied (downstream effects, Fig. 2 ). The compensatory system with its own upstream and downstream effects are also included, Fig. 2 .
This system boundary (normally used in LCA studies) was considered more logical than using system boundaries based upon arbitrary locations of treatment facilities, or timing of emissions. This means that not only direct emissions from the waste management are included, but also long-term emissions from landfills (the model calculates the potential emissions for a time period of approximately 100 years which is shown in the diagrams, and also for the remaining time period which is not presented here) and soils used for spreading digestion residue, and the sometimes distant emissions from extraction of raw materials and energy generation.
Geographical system boundary
The geographical system boundary was decided to capture the management of mixed household waste and some industrial waste from a certain municipality. Treatment facilities (e.g. recycling of materials) are however not always located within the municipality border.
Temporal system boundary
The temporal system boundary covers treatment of and emissions from waste generated during one year.
The emissions from landfill and to some extent soil are emitted over a long time period as described above.
Construction, demolition and final disposal of capital equipment are not included for energy consumption and emissions, as they are normally considered to be a relatively small part of the total emissions of the system [20] . They are however included in the economic calculations, as they are a more important part of the total costs of the system. Thus, the economic calculations could be seen as a life cycle cost (LCC) of waste management.
Scenarios studied
The scenarios studied are based on four types of waste treatment: incineration with energy recovery (district heating), biological treatment (nutrient recycling and energy recovery), materials recycling, and landfilling with energy recovery (see Table 1 for a closer definition of the Stockholm scenarios). The landfill scenario can be seen as the reference scenario, to which all other scenarios can be compared (as mentioned in the Introduction). Materials recycling and biological treatment should not be seen as competing with each other. They only consider recycling of one specific waste fraction at a time, and it is of course possible to recycle plastic, cardboard and organic waste in parallel. 
IncAll
Incineration of all waste. Energy is recovered as district heating with a degree of efficiency above 90%. Collection and utilisation of landfill gas in power generation.
Inc90%
Incineration of 90% of all waste, 10% is landfilled during summertime. This is due to maintenance of the incineration plant and low demand for district heating leading to partial shutdown of the plant. Incineration þ biological treatment (three scenarios) Recycling of all studied waste fractions at once has not been investigated. In all scenarios, newspaper (75%), glass (70%) and metal containers (50%) are source separated and recycled outside the studied system. The rest is included in the residual waste within the system boundary. Regarding biodegradable waste, plastic containers (high density polyethylene, HDPE) and cardboard containers, a practically feasible upper limit of 70% source separation in households has been chosen, even though the measured source separation in Sweden only averages some 30%. The high figure is motivated by the method of refining the scenarios to bring out the differences in waste management strategies, aiming at a high degree of source separation in the future if recycling is implemented on a large scale. It is worth mentioning that the goals for materials recycling in Sweden are far below this figure [2] . For companies and industries, 80% source separation of cardboard and plastic is assumed (the source separated plastic also includes low-density polyethylene, LDPE). We believe that companies that are restricted by environmental management systems will show a higher degree of source separation than private households.
The scenarios studied vary slightly between the three municipalities: composting was not seen as an alternative in Stockholm as in the other two municipalities. The potential use of biogas also differed between the municipalities. In this paper, the scenarios for Stockholm are presented in detail, as most results can be derived from this case study alone. The conditions in the studied municipalities differ mainly as follows:
. Stockholm is a densely populated municipality with an incineration plant and a district heating system. Arable land for spreading of the organic fertiliser is available outside the municipality borders. . Uppsala is a relatively big municipality, also with an incineration plant and district heating system. Arable land can be found close to the city.
. Ä lvdalen is a small municipality and lacks an incineration plant and district heating system. There is almost no agricultural soil within the municipality borders. As the municipality is sparsely populated, collection of waste is not as efficient as in the other two municipalities.
More specific data for the studied municipalities are displayed in Tables 2 and 3 .
Assumptions for the compensatory production
As in many studies where the system has been extended to include a compensatory system, the assumptions for the design of the compensatory system are very important for the results. The assumptions are presented in Table 4 .
By far the most important assumption concerning the compensatory system is the fuel type used in heat generation. This is because (1) the environmental impact from this functional unit is very large compared to the rest of the functional units and (2) the generation of heat within the waste management system varies considerably in the studied scenarios. The choice is motivated by the fact that biofuel is the only fuel that can compete with waste on a financial base.
Many other waste management system analyses also consider ''other waste'' as a possible alternative fuel in the compensatory system. The choice is supported by the fact that in Sweden there is, and will be for some time, a lack of incineration capacity while combustible waste is being landfilled. However, this study is focused on how to treat waste being landfilled today (scenario Landf), regardless of the present existent facilities. From a waste management planning perspective, the different amounts of waste being incinerated in the scenarios can be seen as different possible sizes of an incineration plant not yet built.
The assumptions for compensatory electricity are based on marginal effects in the power supply system of the Scandinavian countries. Coal condense power from Denmark is the most expensive power supply and is therefore the top load in the power system.
The sensitivity analysis eventually turns the environmental conditions the other way around; Swedish average electricity has low emissions compared to coal condense power and-for district heating-oil and coal are less clean than biofuel.
Results
Only results for Stockholm are presented, as all three case studies show very similar trends. Differences between the three municipalities are discussed in the next chapter. Bear in mind that the Bio and Rec scenarios consist of a mix of recycling and incineration while Inc and Landf are monotreatment scenarios. Emissions are presented per ton waste treated.
Global warming potential
For the total system (comparing the full bars), as well as for the waste management system (comparing only the white bars), landfilling of all waste contributes most to the GWP of the studied scenarios (Fig. 3) .
Recycling of materials and nutrients shows slightly lower impact than incineration. Overall changes are small, but the lowest impact is found for recycling of plastic containers.
In all scenarios, the contribution from the compensatory system is larger than for the waste management system. However, in relation to incineration, only the Bio scenarios become better as the compensatory system is included. In all scenarios, except for landfilling, incineration is the main contributor of CO 2 emissions emanating from combustion of plastic of different forms. Methane emissions from the landfill have the same effect in the landfill scenario. In the compensatory system, the main contributor in almost all scenarios is external vehicle fuel, i.e. petrol and diesel oil.
The following waste fractions are worth source separating: organic waste, plastic.
Acidification potential
Scenarios BioBus, BioEl and BioCar cause the highest impact for both the waste management system and the total system (Fig. 4) . This is due to emissions of ammonia from agricultural soils and for BioEl, high NO x -emissions from the internal combustion engine generating heat and power from biogas. The lowest impact is found for plastic recycling due to lower emissions in combustion of biofuel (compensatory heat) than for production of virgin plastic. All other scenarios are within the same range.
It is worth noting once more that the Bio scenarios become somewhat better compared to incineration as the compensatory system is included.
The main contributor in the waste management system is incineration and in the compensatory system, no major contributor is to be found. They are more or less equal except for biomass combustion which is minor in all scenarios except for the landfilling scenario.
The following waste fraction is worth source separating: plastic.
Eutrophication potential
As for GWP, landfilling has the highest impact due to NO x -emissions from combustion of the landfill gas and emissions of nitrogen, phosphorus and COD (Fig. 5) . Recycling of nutrients causes emissions from spreading of the organic fertiliser. These emissions are higher than for spreading of mineral fertiliser. Recycling of materials shows almost the same impact as incineration.
The relation between the scenarios is not changed when the system is extended but the impact in the Bio scenarios become somewhat lower, relatively speaking.
The major source of eutrophication is spreading of the organic fertiliser with emissions of ammonia and nitrate. The biogas engine and the biogas busses are also big polluters producing high emissions of nitrogen oxides. Incineration is the next in order, but is not affected much between the scenarios (except when landfilling). In the compensatory system diesel busses and production of virgin cardboard dominate the emission picture.
The following waste fractions are worth source separating: plastic, cardboard (small difference).
Consumption of primary energy carriers
Observe that this diagram does not show the relation between the waste management system and the compensatory system but the relation between renewable and non-renewable energy resources (Fig. 6) .
The differences between the Inc scenarios and the Bio scenarios are small. This is also true compared to recycling of cardboard. The landfill scenario has higher consumption than incineration due to the consumption of biomass for heat generation and recycling of plastic has lower as consumption of natural gas and oil for production of virgin plastic is avoided. One must however keep in mind that the differences are quite large considering how little waste is being affected in the scenarios.
All scenarios, except the landfill scenario, are dominated by non-renewable energy which consists of diesel oil for collection and transports, coal used for generation of electricity used in the treatment facilities and virgin oil used for producing plastic. Natural gas is consumed in the production of virgin plastic. The renewable part is less in all scenarios except for landfilling when biomass for compensatory heat increases the consumption of energy carriers to become the highest of all scenarios. Besides combustion, biomass is used for producing virgin cardboard and to some extent in upstream processes.
Financial costs
Unlike the previous diagrams, the impact from the waste management is greater than the compensatory system (Fig. 7) . Landfilling is the most expensive waste treatment due to the alternative cost for fulfilling the functional units (mainly heat). The total costs are slightly higher for recycling of plastic compared to incineration, due to the relatively low value of recycled plastics, while the BioCar scenario is marginally Fig. 6 . Consumption of primary energy carriers for the different scenarios. cheaper, due to the high cost of gasoline, the alternative car fuel. In the waste management system, the dominant costs are for collection and incineration. Collection has a larger economic impact than environmental impact, although it does not vary substantially between scenarios. Incineration is costly as the majority of waste is incinerated in all scenarios except in the landfill scenario. For that scenario, landfill costs, including landfill tax, are naturally dominant.
From an economic point of view, incineration is more competitive than the recycling options, with the possible exception of anaerobic digestion of organic waste where the gas is used as car fuel.
The following waste fraction is worth source separating: none.
Welfare costs
The financial costs and the aggregated environmental costs are aggregated into welfare economic costs (Fig. 8) . This aggregation is adjusted for environmental taxes (energy, carbon dioxide, and sulphur taxes on fuels, landfill tax) to avoid double accounting. The adjustments take place both in the waste management system and in the compensatory system, making a direct comparison between Figs. 7 and 8 impossible.
The overall cost level increases when environmental costs are included, although no major relative changes between the scenarios occur compared to the financial costs. Recycling of plastics and recycling of cardboard become somewhat more competitive compared to incin- eration, but they are still slightly more expensive. Here, the BioCar scenario becomes more expensive than the Inc scenarios, so the slight cost advantage when comparing only the financial costs does not remain. The differences are very small, except for the landfilling scenario, which is still noticeably more expensive.
Other impact categories
In the study, emissions of NO x , VOC and metals were also studied. Data for VOC and metals are not as well described as for other pollutants, so the results must be evaluated carefully. The result indicates that landfilling of household waste is the most polluting alternative.
For VOC, the lowest impact is found for recycling of plastic. The contribution from the compensatory system mainly emanates from vehicle fuel (mostly from petrol) and production of virgin plastic. This means that BioCar is lower than incineration. For all scenarios, except for the landfilling scenario, the compensatory processes emit more than the processes in the waste management system.
In terms of NO x -emissions BioBus, RecPl and RecCb are lower than incineration while landfilling and BioEl are higher. The highest emissions come from diesel engines which cause high emissions from the waste management system in scenarios BioBus, BioCar and Landf. In the compensatory system, diesel busses dominate the emission picture. Apart from BioBus, the contribution from the compensatory system is larger than from the waste management system. For metals, the picture is not so sharp. Flows of lead, cadmium, mercury, copper, chrome, nickel and zinc were followed and a mass balance was set up. There are no big differences between the scenarios. The big sink for metals is in recycled materials (mostly metal containers) or in landfill after the surveyable time period. In all scenarios, almost the same amount of metals end up in the landfill, since most metals are found in the ashes and the slag from incineration. Ashes and slag are landfilled in each scenario. Biological treatment followed by spreading on arable land causes an increased emission of metals. These emissions are small compared to the total flow, but as the metals are exposed to living crops these small amounts become extremely vital.
Differences between the studied municipalities
There are major similarities in the results for the three case studies, even if there are major differences in the structure between the municipalities studied. The scenarios for incineration and materials recycling show the same pattern in Stockholm as can be seen for Uppsala and Ä lvdalen. In Table 5 , the results from the scenarios comparable between the municipalities are displayed.
In the case of Uppsala, composting of biodegradable waste is compared to anaerobic digestion and incineration. This was not performed in the case of Stockholm, as composting was not seen as a realistic alternative by the local waste planners. In the case of Uppsala, composting contributes more to GWP than anaerobic digestion, but lies within the same range as incineration. Regarding consumption of energy resources, acidification, and eutrophication, composting is less favourable than anaerobic digestion and incineration. The treatment cost for composting is lower than for digestion and incineration. But on the other hand, the cost contribution from the compensatory system is larger for composting than for anaerobic digestion. This system dynamics ends up in almost the same cost for the two alternatives. It should also be mentioned that there are some special wastes from companies in Uppsala that are treated by anaerobic digestion in each scenario (slaughterhouse waste, food industry waste, and nonhazardous pharmaceutical waste), despite the potential treatment of the household waste. However, these wastes do not affect the overall results, as all treatment facilities are considered to be run efficiently in all scenarios and all waste fractions carry their own impacts.
The large differences in the waste management system in Ä lvdalen, compared to the other two case municipalities, are an environmentally less sound landfill (no leachate water treatment and no gas collection) and a more inefficient waste collection (as Ä lvdalen is, as already mentioned, a sparsely populated municipality). The old-fashioned landfill in Ä lvdalen causes higher contribution to GWP, eutrophication, and thus also environmental costs. The low population intensity shows up in the results as higher costs for collection transports, and higher environmental impact and use of energy resources for waste collection. The increased transports (long distance transports to recycling facilities) lead to somewhat higher energy consumption and emissions, but the contribution to waste management costs from the collection dominate.
It was a common opinion among the waste managers in Ä lvdalen that it is hard to implement source separation of organic waste with a central treatment like anaerobic digestion or composting in the municipality. Therefore, a scenario comprising both central composting (for people living in city-like areas) and home composting (for households in rural areas) was studied besides the two scenarios for anaerobic digestion and central composting. However, as just 30% of the biodegradable waste was sorted out in the private households, no large differences could be seen except for a small decrease in collection transports.
Discussion
Despite the fact that the systems studied are designed with a high degree of source separation and well functioning facilities, the differences between energy recovery and materials and nutrients recycling are relatively small. This is explained by that, even with a high degree of source separation, a large part of the waste has to be incinerated. A marginal study [6] , comparing differences between incineration and recycling of 1 kg of plastic, would show a greater difference. Our study covers the whole waste stream as the aim is to find the total impact for different changes in the treatment of specific fractions. It is however obvious that straight landfilling of mixed household waste is not a good waste treatment option.
The results show that there are benefits and drawbacks associated with all waste management options:
-A material recycling of plastic containers is comparable to incineration from an welfare economic point of view, but gives less environmental impact and lower energy use-on condition that the recycled plastic replaces virgin plastic. Recycling of plastic is the most expensive recycling option but results in the lowest impacts. -A material recycling of cardboard containers is comparable to incineration for welfare economy and consumption of energy resources, but has both environmental advantages and disadvantages. -Anaerobic digestion of easily degradable waste has a higher welfare economic cost than incineration, and has both environmental advantages and disadvantages. Conclusions regarding energy use depend upon how the biogas is used. -Composting of biodegradable waste is comparable to anaerobic digestion from a welfare economic point of view, but gives higher energy use and environmental impact.
The study does not (with exception for the welfare economy) include a valuation of the importance of the different impact categories amongst themselves. The overall conclusion from the study is that as long as landfilling is avoided, several waste treatments are possible and they are all better with respect to environmental impact, use of energy resources and economy. A combination of anaerobic digestion (with an improvement of the spreading technologies in the agricultural sector), materials recycling and incineration would probably be the best solution to avoid landfilling as much as possible. This conclusion holds true if the options are seen as being of almost equal merit in terms of costs and environmental impact, and having a redundant system (not to stick to only one method) is a wise thing. Table 5 Results for Uppsala and Ä lvdalen (units as in diagrams)
With respect to environment and consumption of energy resources, transports are of minor importance. In sparsely populated areas, collection and transports can be expensive, relatively speaking. In city areas, transports may affect human health comprising impacts as noise, etc. These impacts have not been evaluated in this study, due to difficulties in the assessment of ecotoxicology and impacts on human health.
Further research
Many of the results in this study are heavily dependent on assumptions for the design of the compensatory system and the scenarios. Further research can be directed at identifying and describing the influence on the results of the assumptions that have major importance for the main results. A broader discussion of the waste management from a social point of view may also be of interest. The effort needed from households differs between different waste management strategies, and this most certainly can have a major influence on the results.
